Purpose: The mechanical properties of direct composites may be improved by heat treatment. This study aimed to verify whether heat treatment influences the Knoop microhardness (KHN) of direct composites and whether there are differences among photoactivated areas before and after the application of heat.
Introduction
Since the introduction of direct composites as restorative materials, many efforts have been made to increase the longevity of dental restorations. Although a number of advances have been made, mechanical properties, such as wear and fracture resistance, are still challenged by shrinkage caused by polymerization contraction (1) . In addition, adequate photoactivation of polymers is important to ensure optimum durability, as incomplete curing of the deeper portions increases the risk of marginal fracture, secondary caries, and decreased hardness. These risks are among the drawbacks that may compromise the clinical performance of dental composite, especially when large restorations are necessary (2).
To expand the range of clinical applications, the concept of indirect application of composites was developed. Indirect composites minimize the detrimental effects related to polymerization shrinkage that are observed in direct composites due to the additional laboratory treatment received (3). In the indirect technique, an initial photoactivation is applied, followed by an additional heat treatment using special ovens (4, 5) . The heat treatment results in an increase in the degree of conversion (1, (6) (7) (8) (9) , improving the mechanical properties (5,6,9) and contributing to the relief of the stresses that originated during the polymerization and finishing procedures (10). However, the disadvantages of this technique are its high cost, as special equipment is required for the laboratory procedures (3-5), and the increase in the number of appointments.
The composites used for direct and indirect applications display similar compositions (11, 12) . Therefore, many authors have proposed that the association of direct composites with simple thermal treatments may produce results similar to those of the indirect system, such as improvement in material curing, thus enhancing clinical properties (7, 8, (11) (12) (13) (14) (15) (16) (17) ). An advantage would be the low cost, as the special ovens can be replaced by other heat sources, such as casting furnaces or autoclaves, that are commonly available in prosthetic laboratories and dental offices (14-16).
There is no consensus in the literature about the ideal time and temperature for the heat treatment of direct composites after photoactivation. To determine the appropriate time and temperature, several aspects must be observed, including the glass transition temperature (T g ), measured by differential scanning calorimetry (DSC), and the initial degradation temperature, calculated by thermogravimetric analysis (TGA) (15). Temperatures above T g produce a greater filler × matrix interaction and consequently increase several properties (6, 11, 12, (14) (15) (16) , such as the diametral tensile strength (6,12), flexural strength (6, 15, 16) , and fracture toughness (14). Nonetheless, it has rarely been investigated whether this process can result in improvements in the Knoop microhardness (KHN). In addition, it remains unknown whether heat treatment may help to improve KHN values at different distances from the photoactivator source.
The purpose of this study was to verify whether heat treatment is capable of improving the KHN values of direct composites and whether there are differences among photoactivated areas before and after heat application.
Materials and methods
The direct composites used in this study are described in Table 1 . 
Specimen preparation
A stainless steel split mold was used to manufacture 14 specimens per composite (n=84) with a rectangular crosssectional area (10 × 2 × 2 mm). The mold was positioned over a polyester film (Mylar, Labordental Ltda., São Paulo, Brazil) that was lying on a glass slab. A single mass of each composite was inserted into the mold and then covered with another polyester film. To standardize the composite thickness, a glass slide was pressed over the film, leading to the extrusion of excess material from the mold. After excess removal, the upper surface was irradiated for 40 s using an Ultraled light-curing unit in contact with the polyester film. After being removed from the mold, the specimens were subjected to finishing with a number 15 scalpel (Lamedid Comercial Ltda., Barueri, Brazil). Immediately after the specimens were prepared, they were stored in dark boxes at 37 °C for 48 h.
Heat treatment
Based on the recent literature (17), 170 °C was standardized as an effective temperature for the heat treatment of all of the resins studied, as it is above the observed T g and below the initial degradation temperature. The specimens were randomly distributed, and seven specimens per composite (the experimental groups) were dry-heated (170 ºC) in a casting furnace (OVMAT 7, Manfredi S.p.A., Torino, Italy) for 10 min (15,16), whereas the other seven specimens per composite remained unheated (the control groups). After the heat treatment, the specimens were stored again in dark boxes at 37 °C for 72 h.
Microhardness measurements
To obtain microhardness values, the specimens were embedded in acrylic resin, using PVC cylinders as a muffle in such a way to expose their lateral surface. This surface was chosen to allow the investigation of different depths of restoration, depending on the distance from the irradiated surface: 0.2, 1.0 and 2.0 mm. The KHN was evaluated using a microhardness tester (model HMV-2/2T, Shimadzu Corporation, Tokyo, Japan) at a 100 g load and a dwell time of 15 s. Three indentations, spaced 200 µm from each other, were created at each distance region from the irradiated surface, resulting in nine indentations per specimen. For each specimen surface, the mean value of the KHN was obtained from the three readings.
Statistical analysis
The KHN data were subjected to two-way ANOVA to assess the possible effects of the heat treatment on the direct composite and to verify the differences among the irradiated areas in the heated and control groups. Multiple comparisons were performed using Tukey's test. The level of significance was set at 5%.
Results
The statistical analysis indicated that the effect of heat treatment on the KHN values depends on the composite studied (P<0.05). The resins TE-Economic, Natural Look and Prisma AP.H displayed significant improvements in the KHN values after heat treatment (P<0.05), whereas FillMagic and Glacier remained unchanged (P>0.05, Significant differences in the KHN values were observed for the irradiated surfaces in both the heated and control groups, regardless of the composite studied (P<0.05). The KHN values were significantly higher for closer areas than for midway and farther areas in both the heated and control groups (P<0.05), i.e., the closer to irradiated surface a site was located, the higher the KHN values measured in both the heated and control groups, indicating that the application of heat does not change the differences in the KHN values among the irradiated areas (Table 3) . 
Discussion
DSC is a technique that, by energy variation, assesses the temperature difference between the sample and a reference with a temperature-controlled program. Using this method, it is possible to identify critical temperatures, such as T g , for the analyzed material 18 . T g can successfully be used as a reference to design the ideal heat treatment for direct composites (15,18). Above T g , secondary molecular interactions are weakened, which allows for molecular relaxation through the bending of lateral groups. As a consequence, the mechanical properties are optimized (3,6) once trapped radicals are given the opportunity to react (3), which allows for partial relief of the stress induced during the polymerization process (19).
Prior to the heat treatment, the maximum temperature for heating without damaging the composites needs to be determined to avoid weight loss. The TGA technique provides the change in weight of a specimen as a function of temperature. This technique is a precise quantitative method for determining combustion, volatilization and decomposition by analyzing weight changes (18). In this study, this test assisted in determining the maximum secure temperature to which it is possible to subject the composites without the occurrence of marked degradation.
Most conventional post-curing heat treatments use temperatures below 130°C (3, (6) (7) (8) (9) (11) (12) (13) (14) . However, the determination of specific critical temperatures for each composite studied, such as T g and the degradation temperature, was not a concern. In the present study, an adequate heat treatment methodology was already identified, as a thermal characterization had been previously conducted (17). This prior work assures us that the heat treatment was conducted using an effective temperature.
According to the current study, the effect of heat treatment on KHN values depends on the composite studied (Table 2) . Compared with the control group, TE-Economic, Natural Look and Prisma AP.H displayed significant enhancement in microhardness, whereas FillMagic and Glacier exhibited no significant improvement. Differences in the polymer structure, organic matrix composition (6), and type and content of inorganic filler (14) may explain these results.
Post-curing heating has been suggested to improve the homogenization of the composite structure (18). It is possible that initially cured FillMagic and Glacier display a more homogeneous structure than initially cured TEEconomic, Natural Look and Prisma AP.H; thus, the latter group would be more prone to display increases in the degree of conversion, and consequently on microhardness, as a result of the heat treatment (6).
In addition, differences in the amount of filler loading may play a role in the results, as this parameter has been directly related to surface hardness (14, (18) (19) . The greater the percentage of filler, the higher the homogeneity and therefore the higher the hardness. It was observed that composites with higher inorganic filler loading, such as FillMagic (80% wt.) and Glacier (81% wt.), displayed no changes in the microhardness after the heat treatment; whereas composites with less inorganic filler loading, such as TE-Economic (72% wt.), Natural Look (70% wt.) and Prisma AP.H (60% wt.), displayed significant improvements in microhardness after heat application.
Another explanation may be due to the relief of polymerization shrinkage stresses. Initially concentrated around filler particles, the polymerization shrinkage became more homogeneously distributed after heating application, reducing filler/matrix interfacial stresses (1, 2) . As the TEEconomic, Natural Look and Prisma AP.H composites display larger filler size (Table 1) , which accounts for a larger filler/matrix interface area, the post-curing mechanism may have largely benefited the KHN values of this group rather than those of the other composites.
Differences in organic matrix, such as the type of monomers and photoinitiators (6,19) also contributes to the results. Variations among monomers from different composites result in distinct hydrophilic properties, degree of conversion and capacity to form crossed chains during polymerization (18). Little variation in the organic matrix composition can be observed, except for Glacier. This composite is presented with ester-methacrylic acid, a lowmolecular-weight monomer, which likely decreased the KHN values, with or without heating. As a general rule, it is accepted that a lower mean molecular weight of the monomer is associated with a greater percentage of shrinkage. In addition, this composite also utilizes a co-initiator with a lower absorption range (below 410 nm) (19) that is not polymerized when a 600 mW/cm 2 photoactivator source is used, resulting in a reduced degree of conversion.
Significant differences in microhardness among the irradiated surfaces were observed in both the heated and control groups. Greater distances to the irradiation sources were associated with lower KHN values (Table 3) . These results indicated that the application of heat does not change the differences in the KHN values among irradiated areas.
The potential for the additional conversion of different levels in heat-treated composites depends on the elapsed time between the initial light-curing and the subsequent exposure to heat application (6-8). Regarding the treatment itself, post-cure heating of a composite decreases the levels of unreacted monomer after the initial photoactivation stage. Two basic mechanisms may be involved in this phenomenon. Firstly, the residual monomers could be covalently bonded to the polymer network as a result of the heating, leading to an increase in conversion itself. Secondly, unreacted monomers could be volatilized during the heating process. It is possible that both mechanisms act simultaneously, but their relative contributions have still not been completely elucidated (8) The number of free radicals created during the initial light-curing decreases with time. Authors affirm that heat application aiming to increase the degree of conversion must be ideally performed immediately after photo-irradiation (7, 8) . Elevated monomer conversion occurs up to 6 h after photoactivation. After that period, the heat treatment did not lead to an increase in the mechanical properties (7).
In the present study, however, the heat was applied 48 h after photoactivation, but the temperature for the treatment, in contrast to those of the other studies (6) (7) (8) (9) (11) (12) (13) (14) , was higher than the T g , which may be the most relevant mechanism responsible for maintaining the improvement in the degree of conversion, and in the hardness, at different levels of composites. Because the heat treatment was conducted above T g , it should allow for increased radical mobility, enhancing conversion (15).
Conclusions
Based on the results, it may be concluded that the effect of heat treatment in enhancing microhardness was materialdependent. The heat treatment maintained the differences in the microhardness of different photo-activated regions in different composites, and the sites closer to the irradiated surface exhibited greater microhardness, even after thermal treatment. The association of direct composites with simple heat treatments would be an alternative to the current indirect composite systems. However, further studies with standardized methodologies are needed to verify other properties of composites for this application.
